A bacterium, isolated from a vegetable field in a plastic film house and named strain CY6 was capable of biodegrading chlorpyrifos (CP). Based on the phenotypic features and the phylogenetic similarity of 16S rRNA gene sequences, strain CY6 was identified as a Naxibacter sp.. CP was utilized as the sole source of carbon and phosphorus by Naxibacter sp. CY6. We examined the role of this Naxibacter sp. in the degradation of other OP insecticides under liquid cultures. Parathion, methyl parathion, diazinon, cadusafos, and ethoprop could also be degraded by Naxibacter sp. CY6 when they are provided as the sole sources of carbon and phosphorus. Additionally, Naxibacter sp. CY6 (10 8 CFU/g) added to soil with CP (100 mg/kg) resulted in a higher degradation rate of approximately 90% than the rate obtained from uninoculated soils. These results highlight the potential of this bacterium to be used in the cleanup of contaminated pesticide soil.
Pesticides were introduced to agriculture to fulfill the increased food needs of the growing global population. With the restricted use of most of the organochlorinated (OC) insecticides, including dichloro-diphenyl-trichloroethane (DDT) and hexachlorcyclohexan (HCH), due to their long persistence in the environment organophosphorus (OP) insecticides have accounted for the majority of insecticides consumption (Sardar and Kole, 2005) . Although OP insecticides degrade faster than OC insecticides, this class of pesticides has acute neurotoxicity which is due to their ability to suppress acetylcholine esterase (AChE) (Anwar et al., 2009) . OP poisoning is a worldwide health problem, with approximately three million poisonings and 200,000 deaths annually. OP insecticides are potent AChE inhibitors that have 50% lethal doses betweens 4 to 13 and 14 to 24 mg/kg of mammalian body mass (Cho et al., 2009) .
Chlorpyrifos (C9H11Cl3NO3PS) [CP; O,O-diethyl-O-(3,5,6-trichloro-2-pyridyl) phosphorothioate, a phosphorothioate insecticide] is a broad spectrum systemic phosphorothioate ester insecticide that was patented and introduced by Dow Chemical Company in the USA in 1965, particularly for the control of foliar insects on grain, cotton, fruit, paddy fields, pasture and vegetable crops (Sardar and Kole, 2005; Cho et al., 2009; Maya et al., 2011) . The half-life of CP in soil is usually between 60 and 120 days, but it can range from 2 weeks to over 1 year, depending on both chemical hydrolysis and microbial activity. In most cases, aerobic bacteria tend to hydrolyze CP to produce diethylthiphosphoric acid (DEPT) and 3,5,6-trichloro-2-pyridinol (TCP) (Anwar et al., 2009; Cho et al., 2009) .
The microbial degradation of OP insecticides is of particular interest because of the high mammalian toxicity of such compounds and their widespread and extensive use (Islam et al., 2010) . The CP or OP insecticides degrading bacteria was isolated previously (Sethunathan and Yoshida, 1973; Shelton, 1988; Rani and Lalitha-Kumari, 1994; Singh et al., 2004; Yang et al., 2005 Yang et al., , 2006 Zhang et al., 2005 Zhang et al., , 2006 Li et al., 2007; Xu et al., 2008; Anwar et al., 2009; Cho et al., 2009; Wang et al., 2012) but this is the first report of OP insecticides degradation by Naxibacter species. In addition, the several researchers has identified the various genes (opd) and enzymes (OP hydrolase) involved in degradation of OP insecticides (Fu et al., 2004; Liu et al., 2005; Zhang et al., 2006; Li et al., 2007; Yang et al., 2008; Islam et al., 2010) . Previous studies showed that OP contains phosphoric acid esters that can be hydrolyzed and detoxified by carboxylesterase and phophotriesterase (Islam et al., 2010) .
In general, OP insecticides degradation in soil can be influenced by both biotic and abiotic factors, which act in tandem and complement one another in the microenvironment. Microbial activity has been deemed the most influential and significant cause of OP insecticides removal (Yang et al., 2005) . Kertesz et al. (1994) suggested that the conditions under which the environmental isolates were enriched were crucial in selecting for strains with not only the desired degradative enzyme systems, but also specific regulation mechanisms for the degradation pathways. Larger microbial populations can exist in rhizosphere soil than in bulk soil; these larger populations have been shown to increase the degradation of organic chemicals including OP insecticides (Molina et al., 2000; Yang et al., 2005) .
In the present study, the bacterium Naxibacter sp. CY6, which is capable of degrading not only CP but also parathion, methyl parathion, diazinon, cadusafos, and ethoprop, was isolated. The study aims at elucidating a possible application of the isolated bacterial strain for the biodegradation of OP contaminated soil.
Materials and Methods

Chemicals, regents and media
All reagents used in the present study were of analytical grade and were used without further purification. Cadusafos (CS; S, chlorpyrifos (CP; O, 5, diazinon (DZ; (Cho et al., 2009 ).
Isolation of a chlorpyrifos-degrading bacterium by enrichment culture A mineral salt medium supplemented with nitrogen (MSMN) was used in both enrichment culture of pretreated soils and the liquid culture of isolated bacteria (Zhang et al., 2006) . CP was dissolved in HPLC-grade acetone as a stock solution and added to MSMN. When the HPLC-grade acetone evaporated completely, it provided the desired pesticide concentration in MSMN. Soil samples (10 g) from the pesticide-contaminated soil of a green house were used to inoculate Erlenmeyer flasks (250 ml) containing 50 ml of MSMN with CP (50 mg/L) as the sole carbon source. Flasks were incubated at 30℃ on a shaker at 160 rpm in the dark for 5 days. Approximately 1 ml of the suspension was then transferred to fresh MSMN containing 100 mg/L CP and incubated for 5 days. After three rounds of enrichment, the culture was diluted with sterilized 0.1 M phosphate buffer (pH 7.5) through a dilution series. The 10 -5 -to 10 -8 -diluted suspensions were plated on MSMN agar with CP (100 mg/L). After 5 days of incubation at 30℃, microbial colonies became visible, and a clear halo appeared around colonies capable of degrading CP. We selected and purified these colonies and tested their degrading capability through inoculation in liquid medium (50 ml in a 250 ml-Erlenmeyer flask). Strain CY6, which degraded CP rapidly, was selected for further analysis.
Identification of strain CY6
The cell morphology was examined by light microscopy after Gram staining. The flagellum type was determined by transmission electron microscopy (TEM 1010; Jeol, USA) using preparations that were negatively stained with 1% phosphotungstic acid. The 16S rDNA of strain CY6 was amplified by PCR. The forward primer was 5′-TTCTACGGAG AGTTTGATCC-3′ and the reverse primer was 5′-CACCTTCC GGTACGGCTACC-3′. Samples for nucleotide sequencing were prepared with the dideoxy-chain termination method using the PRISM Ready Reaction Dye terminator/primer cycle sequencing kit (Perkin-Elmer Corp., USA). The samples were analyzed with an automated DNA sequencer (Applied Biosystems, USA). The nucleotide sequences were assembled with the DNAMAN analysis system (Lynnon Biosoft, Canada). The 16S rDNA sequence of strain CY6 was aligned with that of other bacterial species obtained from the GenBank database. The 16S rDNA similarity values were calculated from the alignments, and evolutionary distances were calculated. The sequence of Naxibacter sp. CY6 was deposited in the GenBank database under the accession number JX987079.
Inoculum preparation for degradation studies
Strain CY6 was pre-cultured in Erlenmeyer flasks containing 50 ml of MSMN supplemented with 100 mg/L CP. The flasks were incubated overnight at 30℃ on a shaker at 160 rpm in the dark. The contents of the inoculated flasks containing medium and CP were centrifuged, and the cell pellet was washed four times with fresh medium and quantified by the dilution plate count technique. For all experiments, the strain CY6 cells (10 8 CFU/ml) were used, and samples were incubated at 30℃ on a shaker at 160 rpm, unless otherwise stated.
Growth and degradation of CP, TCP and DEPT in liquid medium
A volume of 250 μl of bacterial culture suspension (10 8 CFU/ml) was inoculated into 50 ml of MSMN supplemented with CP, TCP and DEPT (100 mg/L). Periodically, an individual flask was analyzed to determine the growth and degradation of CP. Cultures were grown in triplicate to ensure accuracy. Growth was monitored by spectrophotometer at 600 nm (Spectronic 2D, Thermo Electron Co., USA). Escherichia coli DH5α grown with CP and TCP (100 mg/L) was used as a control to investigate whether if the CP-degrading isolate could use CP, TCP, and DEPT as the sole source of carbon and phosphorus.
Substrate range
Cross-feeding studies with other OP insecticides were also performed. The liquid medium was supplemented with CS, DF, DZ, EP, MPT, or PT at 100 mg/L. The growth of strain CY6 was tested on methanol, ethanol, propanol, isopropanol, and acetone using MSMN medium with one of these compounds as the sole source of carbon.
Inoculation and degradation in soil
The soil used for the pot culture experiments was collected from a depth of approximately 0-15 cm in a vegetable field in a plastic film house at Gyeongnam Agricultural Research and Extension Services, Chinju, Gyeongnam, Republic of Korea. The physical properties of the soil were pH 7.8 and EC 0.85 ds/m, and the chemical properties of the soil were 24 g/kg organic matter, 1198 mg/kg P2O5, 0.61 cmolc/kg K, 13.21 cmolc/kg Ca, 4.37 cmolc/kg Mg, 0.08 cmolc/kg Na, 27.3 mg/kg NH4-N, and 9.7 mg/kg NO3-N. Soil samples (1 kg) were sterilized by fumigation with chloroform for 10 days at 30℃. Similar soil samples were stored at 4℃ in sealed polyethylene bags. Residual chloroform was removed from the fumigated soils by repeat evacuation in a vacuum desiccator. Subsamples (100 g) of the fumigated and nonfumigated soil were treated under aseptic conditions with CP (100 mg/kg). One set of fumigated and nonfumigated soils in triplicate was inoculated with the CP-degrading bacterium (10 8 CFU/g), and another set without inoculation was kept as controls. The inoculum was thoroughly mixed into soils under sterile conditions. Soil samples were incubated at 30℃ and 40% of water-holding capacity in the dark.
Chemical extraction and analysis
The method described by Cho et al. (2009) was modified to extract and analyze OPs from liquid culture and soil samples. For the analysis, 10 ml of the liquid culture was collected and centrifuged and soil from planted pots was carefully collected, mixed, air dried and stored at 4℃ prior to usage in the experiment. In total, 5 ml of supernatant or 5 g of dried soil was extracted with ethylacetate (10 ml × 3), and the organic layer was dried with Na2SO4, and concentrated under a vacuum and dissolved in 5 ml of HPLC-grade methanol.
The extracted samples were spotted on a pre-coated silica gel aluminum plate (0.25 mm, Merck, Germany). The TLC plate was developed with a chloroform and hexane (4:1, v/v) solvent system for the detection of CP. An ethylacetate, isopropanol, and NH4OH (5:3:2, v/v) system was used for the detection of TCP. Finally, the target compounds were detected with UV (254 nm). In TLC, TCP was confirmed as the spot with an Rf value of approximately 0.66, and the more polar CP was determined as the spot with an Rf value of approximately 0.57.
The extract sample was filtered through a 0.45 µm Minipore PVDF filter (Schleicher & Schuell, GmbH, Germany) for HPLC analysis. The injection volume was 10 µl of filtered sample. OP and TCP were analyzed with HPLC (HPLC, Perkin-Elmer 200 series, Perkin-Elmer Co., USA) using a C18 column (250 × 4.6 mm, 5 µm, Phenomenx, USA). A mixture of 0.5% acetic acid and methanol (1:4 v/v) was eluted with a flow rate of 1 ml/min at 30℃. The target, OP and TCP, compounds were measured at 214 nm with UV detector (Perkin-Elmer UV 200 series, Perkin-Elmer Co.). In HPLC analysis, TCP was detected at approximately 5.5 min, and OPs were detected between 4.6 and 14.0 min, depending on the feature of the each functionality.
Results
Isolation and identification of chlorpyrifos degrading bacterium
Using the enrichment cultivation approach, we isolated the 86 Kim et al. bacterial strain CY6 that could utilize CP as the sole carbon and energy source. The CY6 colony was yellow, rough, irregular, and raised after 4 to 5 days of growth on TSA. The cells are Gram negative and rod-shaped, motile, one polar flagella, and measuring 0.7-1.0 × 2.8-5.4 μm in after 12 h culture on TSB at 30℃ (Fig. 1) . A phylogenetic tree constructed from the sequence data showed that strain CY6 grouped within the evolutionary radiation, which grouped within the β-proteobacteria class, and it occupied a distinct phylogenetic position within β -proteobacteria. The level of 16S rDNA similarity between strain CY6 and β-proteobacteria ranged from 88.4 to 98.0%. The highest 16S rDNA sequence similarity (98.0%) was observed between strain CY6 and Naxibacter alkalitolerans YIM31775. This phylogenetic study clearly establishes that strain CY6 is closely related to Naxibacter sp. (Fig. 2) .
Degrading ability of Naxibacter sp. CY6 Naxibacter sp. CY6 was able to degrade CP as the sole source of carbon into diethyl thiophosphate (DETP) and TCP. The TLC results are shown in Fig. 3 , CP and TCP, with Rf values of 0.57 and 0.66, respectively, were detected in samples collected at 0, 2, and 6 days. The samples collected after 6 days of growth did not show the presence of CP but showed the presence of TCP. CP was almost completely degraded within 6 days. Within 2 days, Naxibacter sp. CY6 exhibited an initial rapid degradation of CP of approximately 35 mg/L CP. The rate then slowed to 3-10 mg/L CP, eventually leading to 92% CP degradation (Fig. 4 ). All OP insecticides tested in the cross-feeding experiment were degraded by strain CY6 (Fig.  5) . Some of tested OP insecticides had DEPT side chains (PT, MPT, and DZ), and some did not have DEPT (DF, EP, and CD) side chains. Except for DF, five of the OP insecticides (PT, MPT, DZ, EP, and CD) were hydrolyzed at a phosphoester bond by Naxibacter sp. CY6. Specifically, after 6 CFU/g) at fumigated soil and uninoculated, nonfumigated soil and uninoculated, fumigated soil and inoculated, and nonfumigated soil and inoculated. The standard errors were within 5% of the mean. Fumigated soil and uninoculated (diamond symbols); nonfumigated soil and uninoculated (square symbols); fumigated soil and inoculated (triangle symbols); nonfumigated soil and inoculated (circle symbols). The standard errors were within 5% of the mean. Values are means ± SD of three replicates.
days, the degradation of PT and MPT was 69 and 68%, respectively.
Inoculation of Naxibacter sp. CY6 into soil and the degradation of chlorpyrifos
The addition of Naxibacter sp. CY6 to vegetable field soils from a plastic film house resulted in a more rapid rate of CP degradation than indigenous microflora. A significant difference in CP degradation was observed in soil with different treatments. The efficiency of degradation in nonfumigated soil was generally better than in fumigated soil. The degradation of CP in control fumigated soil and nonfumigated soil without inoculation was minimal, and less than 30% of the applied concentration was degraded in 30-day incubation studies. The degradation of CP in control fumigated soil and nonfumigated soil with inoculation was higher than 90% of the applied concentration in 30-day incubation studies. Within the 12 days, the degradation of CP in control fumigated soil and nonfumigated soil with inoculation was initially rapid with approximately 19 and 21 mg/L CP, respectively, degraded at 3 days (Fig. 6 ).
Discussion
In this study, CP degrading isolates were obtained from the vegetable field in plastic film house at Gyeongnam Agricultural Research and Extension Services, Chinju, Gyeongnam, Republic of Korea. The isolate CY6 was identified through sequencing of the 16S rRNA gene. The isolate selected for further study, strain CY6, showed the greatest similarity to members of the β-proteobacteria class, and in particularly Naxibacter sp.. The Naxibacter genus has been reported as chemo-organotrophic bacteria (Xu et al., 2005) . However, this is the first report of CP degradation by Naxibacter species. This bacterium is unusual because it was shown to hydrolyze CP and utilized part of the compound (DEPT) as its sole source of carbon. This bacterium is unusual because it was shown to hydrolyze CP and utilized part of the compound (DEPT) as its sole source of carbon but not utilized part of TCP. The evidence from the analysis of CP with TLC and HPLC supports the proposed pathway. A higher bacterial population of Naxibacter sp. CY6 was observed in MSMN with CP, and CP was degraded faster.
Previous reports on the isolation of OP-degrading microorganisms suggest that the bacteria mainly degrade these compounds co-metabolically (Mulbry et al., 1986) . Some species of bacteria that can utilize OP as a source of carbon or phosphorus have been isolated from hydrolysis products (Rosenberg and Alexander, 1979) . A significant observation was the utilization of OP insecticides as a source of carbon and phosphorus by Naxibacter sp. CY6. In addition, Naxibacter sp. CY6 was capable of hydrolyzing five OP insecticides (PT, MPT, DZ, EP, and CS) but not DF. Naxibacter sp. CY6 exhibited versatility in utilizing dimethyl compounds such as MPT and diethyl compounds such as CP, PT, and DZ as its carbon source. They have diethyl (or dimethyl) phosphorothionate side chains, and there was a phosphotriester bond in all compounds, which may explain the reason for their degradation. Sethunathan and Yoshida (1973) isolated a Flavobacterium species that could use parathion as a source of phosphorus but not carbon from diazinon as a carbon source. However, the Flavobacterium strain was not able to use other OP insecticides as a source of phosphorus or carbon. Shelton (1988) isolated a consortium that could use diethylthiophosphoric acid as a carbon source but was unable to degrade it as a phosphorus or sulfur source.
In previously, the several researchers had identified OP insecticides degrading bacteria. For some OPs such as PT, it has been relatively easy to isolate degrading bacteria: two different strains, Flavobacterium sp. ATCC 27551 and Pseudomonas diminuta Gm, have been isolated from soils in the Philippines and United States, respectively (Sethunathan and Yoshida, 1973; Shelton, 1988) . Rani and Lalitha-Kumari (1994) found that Pseudomonas putida could hydrolyze methyl parathion and use ρ-nitrophenol as a sole source of carbon. Zhang et al. (2005) isolated seven MPT-degrading bacteria from soil that had long-term MPT contamination. Zhang et al. (2006) reported a fenitrothion-degrading strain, Burkholderia sp. FDS-1, from the sludge of a wastewater treatment system in an OP manufacturing company. Recently, Wang et al. (2012) isolated the MPT-degrading bacterium Agrobacgterium sp. Yw12 from activated sludge. Several effective CP-degrading strains have previously been described: Singh et al. (2004) identified the CP-degrading bacterium Enterobacter sp. B-14 from the soil. Yang et al. (2006) and Li et al. (2007) isolated the CP-degrading bacteria Stenotrophomonas sp. YC-1 and Sphingomonas sp. Dsp-2 from the sludge of a wastewater treatment system in an OP manufacturing company. Anwar et al. (2009) also reported the CP-degrading strains Bacillus pumilus C2A1. In addition, Yang et al. (2005) isolated Alcaligenes faecalis DSP3, which could degrade not only CP but also PT and DZ. Cho et al. (2009) also reported that four kimchi-lactic acid bacteria could degrade coumaphos, DZ, PT, MPT, and CP. Xu et al. (2008) isolated Paracoccus sp. TRP, which could degrade not only CP but also pyridine, MPT, and carbofuran when they were provided as the sole carbon and energy sources. Due to its broad specificity against a range of OP compounds, Naxibacter sp. CY6 possesses a high potential to provide a versatile gene or enzymes system that may be used for the remediation of highly toxic OP nerve agents.
The successful removal of OP insecticides in soil through the addition of bacteria had been previously reported, but (Singh et al., 2004; Yang et al., 2005 Yang et al., , 2006 Li et al., 2007; Anwar et al., 2009) . The degradation of high concentration of different pesticides by isolated microorganisms has been reported previously. One of the important reasons cited for the lack of isolation of CP-utilizing microorganisms is the antimicrobial activity of TCP at high concentrations (Racke et al., 1990) . The growth of the isolated Naxibacter species was not affected by TCP, even at concentrations of higher than 250 mg/L. Naxibacter sp. CY6 isolated in this study did not degrade TCP. The results from the present study confirm that the isolated CP-degrading bacterium could be used successfully for the removal of these pesticides from contaminated soil.
In conclusions, one CP-degrading isolate was obtained from a vegetable field in a plastic film house. We studied the role of Naxibacter sp. CY6, in the degradation of CP in liquid culture and in the soil. Microorganisms are a major component of the ecosystem and play a considerable role in the degradation of insecticides. Further investigations are in progress to identify the genes and enzymes involved in the degradation process. For practical application, further studies are needed to improve our understanding of the fate of OP insecticides in aquatic environments and soils. 
